survival-based defensive reactions to a conditioned stimulus (CS) that predicts imminent threat. 49
Abstract 24
Theories stipulate that memories are encoded within networks of cortical projection neurons 25 (PNs). Conversely, GABAergic interneurons (INs) are thought to function primarily to inhibit PNs 26 and thereby impose network gain control, an important but purely modulatory role. However, we 27 found that associative fear learning potentiates synaptic transmission and cue-specific activity of 28 medial prefrontal cortex (mPFC) somatostatin interneurons (SST-INs), and that activation of 29 these cells controls both memory encoding and expression. Furthermore, the synaptic 30 organization of SST-and parvalbumin (PV)-INs provides a potential circuit basis for SST-IN-31 evoked disinhibition of mPFC output neurons and recruitment of remote brain regions 32 associated with defensive behavior. These data suggest that rather than constrain mnemonic 33 processing, potentiation of SST-IN activity represents an important causal mechanism for 34 conditioned fear. Associative memory is a critical function of cortical brain networks, which are primarily 38 populated by excitatory PNs and inhibitory INs. The most abundant of these cell types, PNs are 39 a key substrate for interregional brain signaling that is critical for memory expression 1,2 . 40 Accordingly, retrieval cues activate subsets of PNs that are hypothesized to encode stimulus 41 associations through persistent changes in excitatory synapse strength and density 3 . In 42 contrast, GABAergic INs are generally thought to inhibit PNs 4-8 , which has been suggested to 43 optimize the dynamic range of PN firing to indirectly modulate the strength and specificity of 44 learning. While several studies credit INs with such "supporting roles", it remains unclear 45 whether they can directly mediate the encoding of cue associations through their own functional 46 plasticity.
Fear conditioning is a powerful model of such learning in which an animal acquires dependent increase in CS-evoked freezing (Fig. 2b) . One day after conditioning, CS-related 100 calcium signals during re-exposure to the CS were markedly increased compared to a pre-101 conditioning test ( Fig. 2e ). Because CS presentation leads to defensive freezing, the 102 recruitment of SST-INs during memory retrieval could be a consequence of fear expression 103 rather than CS modulation per se. We therefore additionally analyzed calcium signals during 104 inter-trial freezing bouts, during which fear-related SST-IN activity can be dissociated from CS 105 processing. Unlike CS trials, transitions from movement to freezing during the inter-trial intervals 106
were associated with negligible fluorescence changes ( Fig. 2e) . 107
To further test whether fearful states modulate SST-IN activity independent of the CS, 108 we next performed SST-IN-specific fiber photometry in mice that were subjected to unpaired 109 Fig. 3a -c). Importantly, although unpaired training results in 110 context conditioned fear, it does not induce synaptic plasticity in SST-INs ( Fig. 1c-d ). During 111 unpaired conditioning, US trials were associated with large calcium signals, confirming that 112 changes in SST-IN activity could be readily detected ( Supplementary Fig. 3d , f). However, 113 regardless of whether imaging was conducted in a novel context (context B) or the original 114 training arena (context A), no changes in calcium signals were associated with spontaneous 115 freezing bouts ( Supplementary Fig. 3e -f). Moreover, there were no overall differences in the 116 frequency of calcium transients (peaks) during exposure to contexts A and B, relative to a 117 preconditioning baseline in context A ( Supplementary Fig. 3g ), despite robust differences in 118 freezing between these tests ( Supplementary Fig. 3b ). These data indicate that SST-INs do not 119 generally signal a high-fear state, but are instead specifically activated by the threat-associated 120
CS-US training (Supplementary

cue. 121
To independently confirm the activation of SST-INs in response to memory retrieval, we 122 performed immunohistochemical labeling for the activity reporter cFos ( Fig. 3a ; Supplementary 123 Fig. 2 ), which is considered to be a marker of neurons strongly activated by mnemonic cues 3 . 124
To elicit memory retrieval in SST-Cre/ Ai9 reporter mice, 4 CS trials were presented at 24 hours after fear conditioning in a context distinct from the training arena, and as control conditions we 126 examined mice in which either conditioning or memory retrieval were omitted. Retrieval CS trials 127 triggered a robust increase in freezing only in mice that had been previously conditioned (Fig. 128 3b; Supplementary Fig. 4 ). Following behavioral testing, substantially more SST-INs exhibited 129 cFos immunoreactivity in these animals compared to those in either control group ( Fig. 3c-d) . 130
Increased SST-IN activation in conditioned mice could also be observed specifically in layer 2/3, 131 consistent with a causal role for lamina-specific SST-IN plasticity (Fig. 1) . In contrast to these 132 results, PV-INs did not exhibit a detectable increase in cFos immunoreactivity under the same 133 conditions in PV-Cre/ Ai9 mice ( Supplementary Fig. 5 ). 134
135
SST-IN activity controls memory expression 136
CS activation of SST-INs suggests that recruitment of these cells could be important for 137 Importantly, optic illumination was sufficient to hyperpolarize or depolarize Arch-or ChR2-144 expressing SST-INs, respectively, and thereby reliably control the firing of these cells 145 ( Supplementary Fig. 6a -b). Following virus infusion, mice were implanted with optic fibers 146 directed at the prelimbic cortex ( Fig. 4a ; Supplementary Fig. 6c -d). One week after surgery, 147 these mice were subjected to CS-US pairing in the absence of photostimulation. 148
At 24 hours after training, a memory retrieval test was conducted in which the 149 independent and combined effects of light and CS were examined in a context distinct from the 150 training arena. Compared to CS-only trials, a marked reduction in freezing was observed in Arch-expressing mice during light (532 nm, 20 s, constant) + CS trials ( Fig. 4b,d ), indicating that 152 SST-IN activity is required for cued memory expression. No reduction in freezing was observed 153
in Arch animals during light-only trials compared to the baseline period, suggesting that SST-IN 154 activity is not required for generalized context fear. Conversely, in ChR2-expressing mice, 155 photoexcitation of SST-INs (473 nm, 10 ms pulses, 20 Hz) was on its own sufficient to increase 156 freezing over baseline levels and thereby mimic a conditioned response ( Fig. 4c,d ). Combined 157 CS + light presentation in these animals did not increase freezing beyond that observed during 158
interleaved CS-only trials, suggesting the possibility of a ceiling effect. Importantly, light-evoked 159 freezing cannot be explained by a nonspecific motor deficit because photoexcitation of ChR2-160 expressing SST-INs did not alter standard metrics of locomotion in the open field test 161 ( Supplementary Fig. 7 ). Finally, no light effects were observed in eYFP control groups that 162
were stimulated with the same parameters used in Arch ( Fig. 4b,d ) or ChR2 mice ( Fig. 4c-d) , 163 and all groups displayed a CS-evoked increase in freezing of similar magnitude and therefore 164 did not differ in memory strength ( Fig. 4e ). during which photoinhibition was timed to coincide with each of the 6 CS-US trials ( Fig. 5a ; 176 photoinhibition during presentation of 4 CS retrieval trials. Remarkably, while CS presentations 178 triggered an increase in freezing in both Arch-expressing mice as well as eYFP controls, the 179 magnitude of CS-evoked increase in freezing was dramatically lower in Arch-expressing mice 180 ( Fig. 5b-c ). This effect cannot be attributed solely to Arch expression, because a retrieval deficit 181 was not observed in Arch-expressing mice that were conditioned without photoinhibition (Fig. 182 4e). Following memory retrieval, acute brain slices were obtained to compare excitatory CaMKII-eYFP) and were implanted with optic ferrules directed at the BLA ( Fig. 5f ; 198 Supplementary Fig. 9 ). Fear conditioning and retrieval tests were conducted as described for 199 prelimbic SST-IN photoinhibition (Fig. 5f ). While freezing occurred in both groups during 200 conditioning ( Fig. 5g) , Arch subjects exhibited a deficit in CS-evoked responses relative to eYFP 201 subjects during the memory retrieval test (Fig. 5h ). Following retrieval, whole-cell recordings Next, we utilized a similar genetic approach to interrogate PV-IN transmission onto SST-234
INs and PNs in prelimbic layer 2/3 ( Fig. 6f) . Strikingly, this revealed that regardless of the 235 training condition, PV-INs elicit IPSCs that are ~10-fold larger in amplitude in PNs compared to 236 surrounding SST-INs ( Fig. 6g-h) . Comparison of SST-IN responses normalized to those in PNs 237 revealed no effect of training on the balance of transmission (Fig. 6i) . These results indicate the 238 presence of a strong bias in PV-IN output that potentially favors preferential control of PN over 239 SST-IN firing (Fig. 6j ). In contrast, SST-INs exhibit a much weaker bias (~2-fold) for PNs over 240 PV-INs, and this bias is completely eliminated by conditioning (Fig. 6e ). This implies that SST-241
INs in the prelimbic cortex could have a unique capacity to evoke PN disinhibition. 242
Prelimbic circuit organization suggests that SST-INs might interact directly with PV-INs 243
to mediate fear expression through PN disinhibition. As an in vivo test of this model, we first 244 sought to confirm that photoinhibition of PV-INs elicits freezing, as reported previously 4 . Indeed, 245 after fear conditioning, PV-IN photoinhibition resulted in an increase in freezing during light-only 246 trials ( Fig. 7a, Supplementary Fig. 11 ). We then tested whether inhibition of PV-INs is required 247 specifically for SST-IN-evoked freezing. In contrast to SST-IN-specific manipulations (Fig. 4c) , 
BLA afferent connectivity of prelimbic INs 256
Having established that SST-INs directly inhibit PV-INs, we next considered whether 257 these IN populations are engaged by long-range inputs to the prelimbic cortex. In addition to 258 modulating plasticity of prelimbic SST-INs (Fig. 5) , BLA contains prelimbic cortex-projecting 259 neurons that exhibit increased firing during memory retrieval 25,26 and regulate fear memory 260 expression 27,28 . Projections from these cells primarily target layer 2/3 and are thus well-261 positioned to recruit potentiated SST-INs 29 . To test whether prelimbic interneurons are directly 262 modulated by these projections, we infused a calcium-calmodulin kinase II (CaMKII)-driven 263
ChR2 vector (AAV-CaMKII-hChR2-eYFP; CaMKII-hChR2) into BLA, leading to axonal ChR2 264 accumulation in prelimbic layer 2/3 of PV-and SST-IRES-Cre/ Ai9 mice (Fig. 8a) . Optic 265 stimulation of these projections in naïve mice elicited compound EPSCs and feedforward IPSCs 266 in both SST-and PV-INs, as well as surrounding PNs ( Supplementary Fig. 12 ). Because much 267 of this transmission occurred at long latencies after stimulation, recurrent activity within 268 prelimbic circuits is likely responsible for its generation. Interestingly, compared to PNs from the 269 same brain slices, SST-but not PV-INs exhibited a higher ratio of excitatory to inhibitory charge 270 during these events ( Supplementary Fig. 12c ). This could be attributed to less potent network 271 inhibition of SST-INs, since inhibitory charge in SST-INs was lower than in surrounding PNs 272 ( Supplementary Fig. 12b ). 273
While the above results are intriguing, the complexity of BLA-evoked activity prohibited 274
analysis of monosynaptic transmission at connections between BLA axons and prelimbic INs. 275
We therefore applied a pharmacological cocktail to eliminate action potential propagation and 276 prevent polysynaptic transmission 12, 13, 30 . When using this approach in SST-Cre/ Ai9 mice, we 277 found that regardless of training condition, BLA afferents evoke responses of similar amplitude 278 in SST-INs compared to PNs ( Fig. 8c-d ; Supplementary Fig. 13 ). However, when SST-IN 279 responses were normalized to those of PNs, this revealed a slightly higher ratio of SST-IN/ PN 280 transmission in paired mice compared to naïve controls (Fig. 8e) . In contrast to the above results, BLA terminal stimulation in naive and unpaired PV-Cre/ Ai9 mice evoked EPSCs that 282 were larger in amplitude in PV-INs compared to PNs (Fig. 8h-j) . This is in agreement with similar 283 experiments that examined the potency of BLA transmission onto PV-INs in the infralimbic 284 cortex 31 . However, in animals that received CS-US pairing the relative strength of BLA 285 transmission in PV-INs and PNs was effectively reversed (Fig. 8j) . These data collectively imply 286 that, following conditioning, SST-INs are likely strongly activated by BLA afferents and that 287 circuit plasticity may favor their recruitment over PV-INs (Fig. 8f, k) . 288 289
Network disinhibition underlies SST-IN-evoked fear expression 290
Because the balance of ongoing excitatory and inhibitory transmission determines the 291 firing rate of excitatory PNs, the activity of prelimbic output neurons could be modulated solely 292 through the relief of PV-IN-mediated inhibition. To reveal the extent to which SST-IN activity 293 disinhibits prelimbic networks, we therefore conducted immunolabeling for the activity marker 294 cFos in prelimbic cortex and potential downstream brain regions following SST-IN 295 photoexcitation, in the absence of any CS exposure, at 24 hours after conditioning ( Fig. 9a ; 296 Supplementary Fig. 14) . Similar to a previous experiment (Fig. 4) , ChR2-expressing mice but 297 not eYFP controls exhibited an increase in freezing in response to photoexcitation 298 ( Supplementary Fig. 14) . After behavioral testing, ChR2 mice exhibited higher cFos labeling of 299 SST-INs compared to eYFP controls, as well as higher cFos labeling of surrounding eYFP-300 negative cells, consistent with disinhibition of other prelimbic cell types (Fig. 9b, d) . When 301 quantification was extended to downstream targets of prelimbic cortex, higher numbers of cFos-302 positive cells were also detected in the BLA, paraventricular thalamus, lateral habenula, 303 ventrolateral periaqueductal gray, and the dorsomedial hypothalamus (Fig. 9c, e ). However, 304 several other regions including the nucleus accumbens, caudate putamen, ventral hippocampus 305 area CA1, dentate gyrus, and mediodorsal thalamus were unaffected by photostimulation ( Fig.  306 9e; Supplementary Fig. 14) .
To test whether regional cFos induction by SST-IN photoexcitation occurs independently 308 of fear expression, we next quantified cFos expression in a randomly selected subset of naïve 309 mice that received optogenetic manipulation of prelimbic SST-INs without prior fear conditioning 310 ( Fig. 4f) . Consistent with the larger group, these mice exhibited no increase in freezing over 311 baseline levels during photostimulation ( Fig. 9f; Supplementary Fig. 15 ). Examination of 312 stimulated prelimbic tissue confirmed that consistent with photoactivation, higher cFos labeling 313 was present in eYFP-positive cells of ChR2-relative to eYFP-expressing mice (Fig. 9g ; 314 Supplementary Fig. 15 ). However, there was no group difference in cFos expression in 315 surrounding eYFP-negative cells, indicating that in contrast to animals that received CS-US 316 pairing ( Fig. 9b, d) , SST-IN photoexcitation in naïve mice does not activate surrounding 317 prelimbic neurons to a significant degree. In addition, remote brain regions that were modulated 318 by photoexcitation in conditioned mice did not exhibit any group differences in the number of 319 cFos-positive neurons ( Fig. 9h; Supplementary Fig. 15 ). Thus, acquisition of SST-IN-evoked 320 freezing correlates with a change in SST-IN recruitment of a specific brain network including 321 prelimbic neurons indirectly activated by SST-IN photoexcitation, presumably via disinhibition. 322
Finally, to test whether network-level effects of memory retrieval resemble those evoked 323 by SST-IN photoexcitation in conditioned mice, we performed cFos analysis following CS 324 exposure (Fig. 9i ). Presentation of 4 CS trials elicited increased freezing in mice that received 325 CS-US pairing 24 hours prior to the memory retrieval test, but not in non-conditioned controls 326 ( Supplementary Fig. 16 ). After CS exposure, a higher number of cFos-positive cells was 327 observed in conditioned relative to non-conditioned mice in the majority (5/6) of brain regions 328 that were modulated by SST-IN photoexcitation (Fig. 9j ). The remaining region (vlPAG) showed 329 a trend toward higher cFos labeling in conditioned mice (p = 0.082). Conversely, areas in which 330 cFos immunoreactivity was unaffected by SST-IN photoexcitation also exhibited no differences 331 in cFos-positive cells following CS-evoked memory retrieval. Together these data argue against 332 the notion that network cFos induction by photostimulation results from nonphysiological activity patterns, and suggest that CS recruitment of SST-INs mediates disinhibition of prelimbic outputs 334 to remote brain regions underlying memory expression. 335 336
Discussion 337
In this study we demonstrate that associative fear conditioning potentiates the function of 338 Although all prelimbic cell types that we examined receive direct input from BLA 355 projections, it is notable that these afferents evoke complex synaptic activity with an overall 356 higher ratio of excitatory: inhibitory transmission in SST-INs ( Supplementary Fig. 12 ). In be explained by fast GABAergic transmission, it is also important to consider that somatostatin 402 is not just a marker of interneurons but also a peptide transmitter that can influence memory 403 acquisition 47 and recall 48 . The release of this peptide from dense-core vesicles may contribute 404 to the memory function of potentiated SST-INs. 405
In conclusion, our results outline an important casual role for inhibitory signaling in 406 associative memory. In pursuit of memory engrams, it will therefore be critical to consider the 407 contributions of interneurons that, despite their inhibitory output, have the capacity to encode 408 and reactivate a specific pattern of excitatory neuronal activity. Interrogation of these cells and 409 their associated circuitry could reveal important computational principles for the storage, 
